Galdieria maxima is a polyextremophilic alga capable of diverse metabolic processes.
G. maxima ACUF551 grew similarly on either ammonium and nitrate, at pH 1.5, even if the chlorophyll content was significantly higher on NH 4 + than on NO 3 -(Figs. 3a, b;
137.15mg/L on NH 4 + vs 76.23mg/L on NO 3 -; P < 0.05). After 2 weeks from an initial pH 5 on ammonium, chlorophyll content was 2.14 fold compared to the control (293.33mg/L; P < 0.05); the algal strain did not exhibit difference in growth rates at pH 5 and 6.5, compared to the control; acidification of the medium progressively occurred, reaching 2.7 and 3.0, respectively. Interestingly, G. maxima ACUF551 showed the ability to grow on nitrate at pH 5, despite the progressive increasing pH of the medium, which reached 6.5 after two weeks.
Chlorophyll levels were detected to increase throughout the experiments, despite achieving values lower than in the controls.
Comparable growth rates and chlorophyll contents were observed in G. maxima ACUF722 on both nitrogen sources at pH 1.5 (Figs. 3c, d). A significant decrease in growth rate and chlorophyll content was recorded at pH 5 on ammonium, despite the progressive acidification of the medium (final pH 2.9) as well as on nitrate, where alkalization took pH at 6.6.
As for ACUF551, no significant differences were observed in IPPAS P507 growth rate, when cultivated at pH 1.5 or pH 5 (final pH 2.4) on ammonium ( Fig. 3e ). From an initial pH 5, chlorophyll levels increased reaching 214mg/L after a lag phase in the first 8 days, progressively acidifying the medium. When the medium was supplemented with nitrate instead of ammonia, the progressive increase of pH from 5 up to 6.3 strongly affected both the growth rate and the chlorophyll content ( Fig. 3f ).
Negative growth rates were observed for all strains, neither at pH 6.5 on nitrate or at pH 7 on both N-sources.
Effect of pH and nitrogen source on photochemical activity
Photochemical performances were evaluated by rapid and non-invasive PAM fluorometry (Figs. 4-6, Figs. S1-6). From an initial pH 1.5 with either nitrogen sources, the efficiency of photochemical activity was optimal and comparable. Under ammonium as the nitrogen source, ACUF551 had Fv/Fm values around 0.5-0.6; in G. maxima strains ACUF722 and IPPAS P507 this variable was stable around 0.6 ( Fig. 4a, Different photochemical performances were noted from a starting pH 5 among the strains on both nitrogen sources: the photochemical efficiency was comparable to pH 1.5, on NH 4 Fig. 4a , c, e), while on nitrate Fv/Fm was significantly lower than ammonium sources (Fv/Fm ≤ 0.4; p < 0.05; Fig. 4b , d, f). Only small variations of NPQ and FPSII were recorded even at the high light intensity of 281 μ mol photons m −2 s −1 (Figs. 5 and 6 a-f, Figs. S1-6).
From pH 6.5, the photochemical activity of ACUF551 and ACUF722 on ammonium was inhibited until 96 hours. After this time as an acclimation period, physiological activity started again ( Fig. 4a , c). The Russian IPPAS P507 showed an acclimation period of 192 hours on ammonium, showing a lower photochemical activity compared to the other strains ( Fig. 4e ).
No photochemical activity was recorded on nitrate at pH 6.5 in all strains, and neither at pH 7 in all the isolates in the presence of both nitrogen sources.
DISCUSSION
We applied different methods to assess the influence of pH and nitrogen source on the physiology of eight G. maxima strains. Our results showed a significant correlation between the growth rates and the pH lowering on NH 4 + medium in different strains collected from acidic and non-acidic geothermal environments. It is known that the assimilation of ammonium produces protons which must be promptly extruded to avoid cell acidification and support metabolism [37] . All strains used in this work showed comparable abilities in lowering the pH when cultured at pH 5 and 6 in nitrogen provided as NH 4 + , although with variable growth rate.
Substantial differences among them were recorded at pH 6.5; the Russian IPPAS P507 required a more extended phase of adaptation, and this strain scarcely grew during the six weeks of examination. A decrease in the external pH reached only the value of 5.7. In contrast, the Icelandic ACUF551 and the Turkish ACUF769, both isolated from acidic sites, showed the best growth performances at pH 6.5 and 6, respectively, during the whole experiment. As reported by Lowell and Castenholz (2013) a different ability in lowering pH was also shown by C. merolae: eight strains isolated from Yellowstone were able to reduce the pH of the medium, while none of the three Japanese isolates was competent; the authors also highlighted variations in the final yields, ascribing them both to small differences in inoculum density and in real genetic differences among the competent strains [23] . Among our isolates, two of the Turkish strains (ACUF773, ACUF648) from non-acidic sites quickly lowered the pH to values 3.39-3.42, thus allowing a faster growth, which could be a reliable survival strategy in otherwise hostile environments. According to Rysenbach et al. (2002) , in some hot springs, reduced constituents such as hydrogen sulfide, ammonia, and methane are far from equilibrium with their oxidized counterparts such as sulfate, nitrate, and carbon dioxide [38] . Ammonia concentrations strongly vary in these environments, as well as ambient pH. Such ecological variations can produce radically different habitats at a small scale and change rapidly over time as well, selecting for organisms that respond quickly to these geochemical fluctuations.
Another interesting aspect emerging from our experiments is related to the growth in the nitrate-rich medium. All G. maxima strains were able to use nitrate as well as ammonium.
The dominant nitrogen source in acidic hot springs is ammonium, while nitrate and nitrite are usually generated by the oxidising activity of the microbial vitality [38] . As a consequence, nitrate assimilation is rarely essential in these environments [39] . The enzymes usually involved in nitrate assimilation and conversion are nitrate reductase (NR, nitrate to nitrite), and nitrite reductase (NiR, nitrite to ammonium). Among Cyanidiophyceae, C. merolae can grow on both nitrogen sources [39] . However, no typical NiR coding gene was found in its complete genome [40] . According to Imamura et al. (2010) , the activity is encoded by two candidate genes for sulfite reductase (SiR), located next to the nitrate-related genes. These transcripts are inhibited by ammonium [39] . Similarly, the species G. sulphuraria lacks the common NR-coding gene, thus suggesting again the existence of an unusual assimilatory system (Weber unpublished sited in Imamura et al. 2010 ). By phylogenetic analysis, G.
maxima is more strictly related to C. merolae than to G. sulphuraria, despite the striking morphological divergences among the two genera [9,12,13]. It is intriguing that G. maxima is provided by a nitrate assimilation gene toolkit similar to that of C. merolae, thus supporting their phylogenetic relationships (H.S. Yoon, personal communication). [41] . A steady rise of the pH is the result of nitrate uptake and successive transformation to ammonium, requiring a net influx of protons from the culture medium [37] . Cultivation on nitrate from an initial pH 5, and the subsequent increase of the medium pH, correlated with the photochemical activity. Lower values of Fv/Fm, NPQ and FPSII, suggested a stress condition that could influence the protein expression and enzymatic concentration of photosynthetic apparatus [42] .
Fluorometric analyses were used to demonstrate an exponential increase in the growth rate at the beginning of our experiments (0-4 days). These remained constant from the 4th day onward; the survival of the cultures is potentially ascribable to switching from the autotrophic metabolism to a heterotrophic one. Oesterhelt et al. (2007) assessed that autotrophic cultures of G. sulphuraria (strain 074) exponentially grew up to pH 5 and reduced the growth significantly at higher pHs. Diversely, heterotrophic cultures of the same strain exhibited cell growth up to pH 8 [43] .
Environmental pH is one of the most critical factors limiting the dispersal of extremophiles and more specific acidophiles [44] . The discovery of G. maxima strains from non-acidic thermal areas and the capacity to tolerate a wide range of initial environmental pHs are strong evidence of their potential adaptation to changing environments. A wide pH range tolerance is a critical ecological factor in the regulation of the nutrient cycle (i.e. carbon, nitrogen, and phosphorus) under extreme environmental conditions. Several studies already reported the ability of microorganisms collected from acidic or alkaline environments to survive in a wide range of pH, suggesting these capacities as indicators of the ecological resilience of extremophiles [44] . According to Dhakar and Pandey (2016) 
